Purpose of Review The purpose of this review was to establish the foundation of the major biologic adjuvants to rotator cuff repairs and review recent scientific findings. Recent Findings Platelet-rich plasma (PRP) overall has no significant impact on functional outcomes and repair integrity, but may be more advantageous in small to medium tears. Further studies should focus on leukocyte-rich versus poor preparations and the use of PRP in patients that are high risk for repair failure. Biologic and synthetic patches or augments provide mechanical stability for large and massive rotator cuff tears and decrease re-tear rates. Mesenchymal stem cells have demonstrated improved healing rates without an impact on outcomes. Cytokines and growth factors show promise in animal models, but require human trials to further evaluate. Summary In massive or revision repairs, allograft or synthetic patch augmentation should be considered. Platelet-rich plasma may have benefit in smaller tears. Further studies are needed to evaluate the value of mesenchymal stem cells and various cytologic chemical signals.
Introduction
Rotator cuff tears are a growing problem within orthopedics as the incidence increases within an aging population [1] , and repair of these tears has been estimated to save society approximately $ 3.4 Billion per year [2] . Despite the advances in open and, more recently, arthroscopic repairs of rotator cuff tears including suture material and constructs, re-tear rates have varied greatly from 11 to 90% depending on tear size and patient demographics [3] [4] [5] . A meta-analysis by Slabaugh et al. [6] found an average re-tear rate of 20.4% and those with intact cuff repairs trended towards improved functional scores. Later studies have contradicted this finding with no correlation between integrity of the repair and patient outcomes [7, 8] . Despite these findings, research has continued to investigate the use of adjuvants to improve patient outcomes and repair integrity as contemporary literature continues to reinforce the finding that an intact rotator cuff following repair is associated with improved strength and satisfaction. Many of these interventions are aimed towards patients who are at higher risk for failure based on age [9, 10] , comorbidities (diabetes, hyperlipidemia, obesity), smoking, tendon retraction, and fatty degeneration [11] . Current literature reflects a wide array of adjuvants including platelet-rich plasma (PRP), patches (allo-and xeno-grafts), biologic scaffolds, and multiple cytokine and biologic signals to improve the healing of rotator cuff tears. The purpose of the paper is to review the foundational research in each area and provide an update on the most recent advances in each therapeutic option.
(PDGF), and others that are involved in the healing process [12] (Fig. 1) . Boswell et al. [13] outlined the numerous components, both cellular and chemical signals that are responsible for the benefits of PRP. The authors discuss that PRP is a milieu of factors that are both catabolic/anabolic and pro-/antiinflammatory. The authors also highlighted that with this complexity comes difficulty in reproducing precise elements across each patient's and company's products [13] . One key difference is the cellular composition of PRP as increasing platelet concentrations are associated with anabolic signaling while increased leukocyte concentrations are correlated with catabolic signals [14] . This variability and tailoring of PRP products has resulted in numerous studies that look at the use of PRP and its formulations in rotator cuff pathology.
The role of PRP rotator cuff tears and repairs is to stimulate healing at the tendon-bone interface and decrease pain/inflammation. In non-operative cases, PRP has been used as an alternative to steroid in subacromial impingement and partial tears, especially in high-level athletes [12] . In higherlevel studies, the impact of PRP has only been found equivalent to their control groups [15, 16] . Kesikburun et al. [15] performed a randomized control trial of 40 patients with rotator cuff tendinopathy or partial tears that received either PRP or a placebo injection followed by a rehabilitation program. There was no difference in pain or functional outcome scores at any time point up to 1 year. Filardo et al. [16•] performed a meta-analysis on various tendonopathies and included 32 studies regarding rotator cuff pathology (22 RCT, 18 surgical, and 3 conservative). The findings again demonstrated no difference in outcomes in the non-operative applications of PRP in rotator cuff tendinopathy and tears in single and multiple injection protocols [16•] .
In the past 3 years, there has been a significant number of publications regarding the role of PRP in rotator cuff repairs. PRP injections for rotator cuff pathology are increasing and according to a recent database study are the third leading condition for use of PRP behind meniscal and unspecified shoulder pathology [17] . In terms of non-operative treatment, Shams et al. [18• ] performed a randomized control trial comparing corticosteroid to PRP injections in symptomatic partial rotator cuff tears. Both groups saw significant improvement in all functional scores, but the PRP group demonstrated improved VAS, ASES, SST, and Constant-Murley Scores at 12 weeks, though there was no difference after 6 months. Neither treatment arm saw significant change in the degree of tendinopathy or tear grade at final follow-up [18•] . Additional studies have also shown that leukocyte reduced or L LO PRP has better anabolic characteristics stimulating normal collagen matrix and inhibiting cytokines responsible for inflammation and matrix degradation [19] . It is thought that these formulations may be preferred in future rotator cuff repairs and should be the focus of further studies. The heterogeneity among studies in terms of the formulation of the PRP and the various protocols and controls (one study was compared to dry needling) leaves the role of PRP in non-operative management of rotator cuff tendinopathy and tears to be inconclusive and requiring more randomized control studies with detailed information about the formulations used.
Evaluation of PRP in rotator cuff repairs has been previously analyzed through multiple randomized control studies Fig. 1 Platelet-rich plasma. a Venous blood prior to centrifugation collected in an Autologous Conditioned Plasma Double Syringe System (Arthrex, Naples, FL). b Double-syringe system after centrifugation showing separation of blood contents with platelet-rich plasma above and red blood cells below. c Platelet-rich plasma isolated from other blood contents and prepared for injection at the repair site [20] [21] [22] [23] and systematic reviews/meta-analysis [24, 25•] . Chahal et al. [24] pooled five studies into their results and while risk ratio of re-tear was 0.77 [CI 0.48 to 1.23] in the PRP-treated groups, it did not prove significant. Patientreported outcomes including Constant, Simple Shoulder Test (SST), Single Assessment Numeric Evaluation (SANE), and American Shoulder and Elbow Surgeons (ASES) scores were no different between the groups. A larger meta-analysis of 11 studies found similar results in that overall there was no difference in re-tear rates and patient outcomes between groups with and without PRP. Warth et al. [25• ] did find on sub-group analysis that when tears were greater than 3 cm, PRP-treated groups showed significant decrease in re-tear rates (25.9 versus 57.1%; p = 0.046) in double row constructs. The authors found that a majority of these studies were powered only to detect large difference in outcome scores, which may have led to the common findings of no difference between the treatment groups. PRP can be injected directly, but is often delivered through a fibrin, thrombin, or collagen matrix. The fibrin matrix delivery system has had mixed results with two studies demonstrating lower re-tear rates [21] and mild improvement in outcomes [20] and two RCTs demonstrating increased risk of re-tears in the PRP-treated groups [23, 26] . A growing focus on leukocyte reduced PRP has shown promise with lower re-tears rates compared to regular PRP and other controls in multiple studies [27•, 28] .
Evaluation of PRP adjuvants has been extensively studied in randomized control trials [27•, 28, 29, 30•, 31-35] . The findings of these studies are summarized in Table 1 . One of the interesting modalities is the use of PRP in the immediate post-operative period. Two different randomized control trials analyzed the use of PRP 7 and 14 days post-operatively [34, 35] . Neither study was blinded nor showed a significant impact of PRP on functional outcomes or tendon integrity. Ebert et al. [35] did find a small increase in the strength of abduction in patients treated in PRP with improvements of 3.3 versus 0.9 when adjusted for baseline scores and sex. The 3.5-year follow-up also demonstrates that there does not appear to be any midterm benefit for function or tendon integrity with PRP-treated repairs. Jo et al. [27•] was the only recent trial to demonstrate a difference in either re-tear rates or functional outcomes. The key is that their study focused on larger tears, which previous studies have demonstrated the possibility of an increased impact with PRP [25•] . A common finding was that PRP injections improved the post-operative pain and use of pain medications through the first 30 days [30•, 31] . Both studies make the argument that this decreased pain could lead to better rehabilitation potential, but given that some physicians do not start full mobilization until 6 weeks post-operatively, this impact on therapy is limited. In light of the opiate epidemic, the role of PRP in pain reduction has merit, but cost analysis and further studies would have to be done to evaluate PRP's impact on narcotic use.
Two major meta-analysis and reviews have looked to pool the more recent data on PRP in rotator cuff repairs [36•, 37 •]. Cai et al. [36•] included five studies of RCTs into their analysis, and while they also concluded that PRP had no impact on clinic outcomes, subgroup analysis showed PRP decrease retear rates in small to medium tears, which is contrary to the findings by Warth et al. [25•] . Saltzman et al. [37• ] performed a systematic review of 7 different meta-analysis providing 3193 patients with 12-to 31-month follow-up. Overall, their findings support no clinical benefit in terms of functional outcomes (ASES, UCLA, Constant, and SST scores) or repair integrity at final follow-up. Interestingly, the findings of this broad analysis showed that there were improved outcomes with solid PRP versus liquid PRP preparations. They also support the findings of Cai et al. [36• ] that PRP has a greater impact in re-tear rates in small to medium tears versus large tears [37•] . Finally, the group found that PRP placed directly at the bone-tendon interface had better outcomes than the PRP injected over the tendon and in double versus single row constructs.
The overall consensus of the current literature is that PRP does not provide a benefit for clinical outcomes and repair integrity in short and midterm follow-up. However, PRP may be more advantageous for small and medium tears to prevent re-tears. These findings are what influenced a recent cost analysis study that stated PRP is not cost effective for large tears and at current prices is also not cost effective for small and medium tears [38] . A Markov Model analysis demonstrated that PRP treatments would have to reduce re-tear rates by 9.1% at $750 and 12.1% at $1000 [39] . While numerous high-level RCTs and meta-analysis have been done on the role of PRP and show minimal benefit, it is important that this adjuvant still has role in rotator cuff repair. These studies are heterogeneous, and to date, there is limited data on the use of PRP in populations that are at high risk for failure. These would be the patients that may benefit most from these interventions and more focal studies on high-risk groups are required.
Patches and Augments
Beyond PRP, extracellular matrices (ECMs) or "patches" are a major adjuvant used in rotator cuff repairs. While PRP relies on cytokines to stimulate healing at rotator cuff tears, ECMs provide additional mechanical strength to increase load to failure in tissue that is stiffer and mechanically inferior [40] . Patches provide the framework for cellular in growth and eventually can demonstrate properties similar to autologous tendon [41] . Recently, these grafts have become the focus of other interventions in massive rotator cuff tears (superior capsule reconstruction). This section's focus will be on the use of the ECMs or patches in augmenting or bridging repairs. ECMs classically have been divided into two major groups: xenografts and allografts. Xenografts were some of the first studied and included porcine dermal and submucosal grafts. These grafts have had success in other portions of the body but proved detrimental for rotator cuff repair with Sclamberg et al. [42] finding 10 of 11 patients with large retracted tears at only 6 months following repair with no improvement in functional scores (five patients actually had worse scores). Two other studies of the porcine submucosal grafts had similar results with only 4 of 15 patients healing their tears in one study [43] and 6 of 10 in the other [44] . Iannotti et al. [43] reported increased pain in patients receiving the graft and Walton et al. [44] reported four patients with such severe reactions they required surgical treatment. The strong inflammatory response is presumed to be due to the DNA still present in these grafts [45] . Porcine dermal grafts have had more success than the submucosal grafts in part due to less DNA being present [45] . Badhe et al. [46] used the patch in massive rotator cuff tears, and at 3.5 years, 8 of 10 patients had intact repairs and Constant scores improved from 41 to 62. Similarly, a more recent mini-open technique by Cho et al. [47] used the graft in a suture bridge construct and saw significant improvements in functional scores at mean 20.6-month follow-up with 4 of 5 patients having intact repairs at 8 months after surgery. Gupta et al. [48] had probably the most successful cohort treated with dermal xenografts showing significant improvements in motion, strength, and ASES score (62.7 to 91.8; p = 0.0007). At 2-year follow-up, 16 of 21 patients had intact repair, 5 (22%) had partial tears, and only 1 patient (5%) had a complete retear, albeit due to a fall [48] .
Allografts, specifically dermal allografts, have had early success in the augmentation of rotator cuff tears. Bond et al. [49] using GraftJacket (Wright Medical, Memphis, TN), saw significant improvement in UCLA, Constant, and SST scores, and 13 of 16 patients had full graft incorporation at mean 26 months. Similar findings in regard to functional improvement was published by Wong et al. [50] , though they did not discuss the integrity of the repair in their study. Even in midterm follow-up for massive tears, case series have demonstrated improvements in functional outcome scores, strength, and range of motion with 76% with full intact repair [51] . Barber et al. [52] also provided convincing evidence with a randomized control trial of two-tendon repairs. Both ASES and Constant scores were statistically increased in the dermal allograft group, but the clinical difference in the scores was unclear. Furthermore, the patch group had intact repairs in 85% of patients versus 40% in the control group. This is one of the few level I studies on dermal allografts. Dermal allografts remain a significant tool in augmenting rotator cuff repairs.
In recent years, research has continued to examine the effectiveness of biological patches in augmenting repairs. In terms of basic science research, Smith et al. [53•] attempted to characterize the mechanical properties of commercially available scaffolds including xenografts, allografts, and synthetic scaffolds. None of the tested scaffolds matched the mechanical properties of the supraspinatus tendon, which the author's highlight is in part because many of these products were not designed with the rotator cuff in mind. Smith et al. [53• ] recommend that future grafts should aim to combine the macro mechanical properties of synthetic grafts with the micro mechanical properties of the biologic scaffolds. Another study used a second arthroscopic procedure to biopsy the repair site of rotator cuff repairs augmented with bovine collagen matrix [54] . By obtaining the seven specimens at different time points, the authors were able to outline a timeline of graft incorporation. Host cell infiltration with the presence of fibroblasts was seen in the earliest sample at 5 weeks, increasing organization was noted at 3 months, and finally full incorporation with solely host tissue seen at 6 months [54] . Beitzel et al. [55] tried to evaluate if the type of graft impacted the response of mesenchymal cells in a repair. While structurally stronger, the dermal allograft's complex structure may impede infiltration of the tenocyte progenitor cells compared to the less organized porcine collagen scaffolds. A follow-up to this study looked at the impact of the biochemical composition of ECMs in rotator cuff repairs [56] . They found that scaffolds with increased type I and III collagen significantly increased the potential of bone marrow-derived mesenchymal stems cells to differentiate into bone and tendon. Future research should continue to discover or define the ideal graft in terms of the mechanical and biological inductive properties. Smaller case series have demonstrated good results in augmentation of massive tears. In terms of primary repairs, Consigliere et al. [57• ] found significant improvement in Constant (53 to 75) and Oxford scores (30 to 47) with a reduction of pain from 7 to 0.6 at a mean follow-up of 7 months after repair of large and massive rotator cuff tears augmented with dermal ECM. Two other case series looked at the role of patches in revision repairs [58•, 59] . Petri et al. [58• ] had 13 shoulders in 12 patients augmented with acellular dermal allograft of which only one patient had re-tear at 2 months (patient had 4 previous repairs), and while the overall ASES score did not show statistically significant improvement, the functional score did significantly improve (p < 0.05) and median patient satisfaction was 9/10. The authors concluded that acellular dermal patches are safe and effective in massive rotator cuff repairs. In a separate review of 24 patients who received acellular dermal allografts in revision rotator cuff repair at a mean follow-up of 50 months [59] , 10 of the 16 patients (63%) available for follow-up imaging had evidence of failed repair. Overall, excellent results were achieved in 24%, good in 13%, fair in 21%, and poor outcomes in 42% of patients based on ASES and SANE scores. Sears et al. [59] compared this to historical outcomes of revision repair without augmentation and found no significant improvements with dermal patches. A recent prospective blinded comparative study compared 20 patients who had their large to massive rotator cuff repairs augmented with dermal allograft to 15 patients with non-augmented repair [60] . At a mean follow-up of 24.9 months, the augmented group had only 10% of re-tears versus 26% in the controls (p = 0.0483). In addition, the patients treated with the dermal allograft saw significant improvements of their ASES, SF-12, and Western Ontario Rotator Cuff Index scores compared to the control group [60] .
With primarily small cohorts and limited level I and II studies, systematic reviews and meta-analyses have tried to better define the role of patch augmentation in rotator cuff repairs. Three such reviews [61•, 62•, 63] re-enforced the advantages of allograft use in large to massive rotator cuff repairs. Ferguson et al. [62•] found that allograft augmented repairs had intact repairs 85 versus 40% at final follow-up. The authors also analyzed the use of polypropylene patches and found these to be superior to controls and xenograft results. Steinhaus et al. [61•] pooled the data on 24 studies with a minimum of 9 months of follow-up. They found that on average, augmented repairs saw forward elevation improve 58.6°, external rotation 16.6°, and internal rotation 16.1°. Statistically significant improvements in ASES, UCLA, Constant, Penn, and Oxford scores were found. The analysis confirms the inferiority of xenografts in terms of functional outcomes. The pooled data demonstrated an overall re-tear rate of 25% (34% for augments and 12% for interposition constructs) [61•] . Re-tear rates were highest for xenografts (44%) and lowest for synthetic grafts (15%) ( Table 2) .
Synthetic Scaffolds
Synthetic grafts or scaffolds, composed of various materials including polypropylene, Dacron, and even nylon [64] , have had success in terms of re-tear rates [61•] . Synthetic material is often stronger biomechanically and does not have the theoretical risk of vector transmission [65, 66] . Variations of poly-L lactic acid have had success in both animal and human studies. Derwin et al. [67] augmented infraspinatus repairs in eight dogs and found at time 0 that the repair had 23% increase load to failure and at 12 weeks had less retraction with great surface area of repair increase stiffness, and ultimate load to failure. A case series by a single surgeon analyzed the outcomes and repair integrity in 18 consecutive patients with massive rotator cuff repairs at 12 and 42 months [68] . Proctor et al. [68] found 15 of 18 patients had intact repairs at 12 months, and 14 of 18 at 42 months. In addition, this cohort saw significant improvement in ASES scores from 25 to 71 at 12 months and to 70 at 42 months, with intact cuff repairs averaging 82 on the ASES scores. Another study utilizing polycarbonate polyurethane patch demonstrated 90% of intact repairs in ten patients at 12 months, with significant improvement in SST, ASES, and UCLA scores with no adverse reactions [69] . Even in the case of purely synthetic materials like polyester (Dacron), massive cuff tears re-enforced with synthetic scaffolds have led to decreased pain, increased range of motion, and significant improvement in patient-reported outcomes with minimal failures [70] . These studies lacked a control group but display the promise of synthetic grafts. One cohort study analyzed the outcomes of patients treated with repair only to repair with collagen patch and repair with polypropylene patch augmentation [71] . There were a total of 152 patients in the three groups; the authors found that all three groups saw significant improvements in VAS and UCLA scores at 2 and 36 months. The polypropylene group had significantly higher motion in forward elevation (140.68°versus 140.61°versus 174.71°) and strength (8.73 versus 9.03 versus 13.79 kg) at 36 months. The polypropylene group also had significantly lower re-tear rates (41% versus 51% versus 17%) at 36 months [71] .
Some animal models have compared these synthetic scaffolds augmented with biologics like bone marrow-derived stem cells, and while there was an increase in collagen production, this did not always translate to a biomechanically stronger repair [72] . As highlighted by the biomechanical study by Smith et al. [53•] , the focus of future research should continue to combine the biomechanical strength of synthetic grafts with integration of biological factors (Table 2) .
Stem Cells, Cytokines, and Biologics
Tendon repair is complex system of chemical signaling that relies on inflammation and eventual re-organization of tissue. In order to improve healing rates, scientists have looked for ways to modify the milieu of factors to promote more reliable rotator cuff healing. One of the broadest approaches is the application of mesenchymal stem cells at the site of the repair. Snyder championed the approach of creating a "crimson duvet" to create a collection of stem cells and biological factors at rotator cuff repair sites [73] . Animal studies have supported that bone marrow-derived cells from the footprint can infiltrate the repair footprint and increase the strength of the repair [74] . Gulotta et al. [75] did not find the same improvement in the mechanical outcomes of their repairs, but still demonstrated that the bone marrow-derived cells were biologically active (Fig. 2) . The stem cell group had 100% intact repairs at 6 months compared to 67% of controls, and at 10 years, the rate was 87 versus 44%. A recent matched pair case control group compared 35 patients with augmented repairs with adipose-derived mesenchymal stem cells to 35 control patients [79] . While there was no difference in functional outcomes between the two groups, the control group had a re-tear rate of 28.5 versus 14.3% for the stem cell group. While stem cells demonstrate promise in increasing healing rates and improved outcomes, higher-level studies are needed. The effect of stem cells at healing sites is enacted through a complex expression of multiple chemical signals or cytokines. As highlighted by Sundman et al. [14] , these factors can vary across various preparations of PRP, which is why researchers have looked to specific cytokines to increase healing rates with rotator cuff repairs. The enthesis of a tendon includes tendon, fibrocartilage, and bone, so early research investigated osteoinductive factors as possible adjuvants. Two sheep studies [80, 81] saw significant improvement in healing rates of rotator cuff tears, but as of yet, these results have not been reproduced in human trials. Transforming growth factor-beta (TGF-β) is a crucial signal in the inflammatory and healing phases of tissue repair; specifically, TGF-β 3 has demonstrated some promise in accelerating the healing of rotator cuff tendons and had improved repairs in terms of histology and biomechanics [82, 83] but again is limited to animal models at this point. Matrix metalloprotease (MMP) enzymes have also been studied in soft tissue repairs. MMPs role in degrading collagen and other extra-cellular matrix proteins have been a focus of researchers to prevent re-tears. Gotoh et al. [84] found that MMP-3 was expressed at significantly higher levels in patients with cuff re-tears. Doxycycline, a common antibiotic, has been studied due to its role in MMP inhibition. In a rat study [85] , doxycycline has showed promise of preventing retears. While MMP-3 has been established as involved with tissue degeneration, other MMPs are up-regulated in embryogenesis and genetically modified stem cells with over expression of membrane type 1-MMP (MT1-MMP) has improved production of fibrocartilage and lead to higher loads to failure and ultimate stress in rat models [86] . Specific growth factors, like platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF), have also been studied. Recombinant PDGF has been shown to improve the biomechanics of repairs and increase bone-tendon interface when used with a collagen matrix [87] , but only improve the histological characteristics of repairs when embedded in sutures alone [88] . Similarly, FGF-2 has shown in rat models to increase the histological integration of tendon repair and improve biomechanical properties when applied to rotator cuff repairs [89] [90] [91] . One explanation for FGF-2 role is that it stimulates tenogenic progenitor cells that lead to improved tendon to bone healing [92] . Even non-cytokines have been implicated in improving repairs. A recent rabbit study demonstrated that hyaluronic acid might play a role as an adjuvant to rotator cuff repairs [93] .
Despite the numerous animal studies analyzing these cytokines and biologic compounds, none have been proven in a human model. Further studies are needed to evaluate the safety and efficacy of these adjuvants in rotator cuff repairs.
Conclusion
Rotator cuff tears are an ever-growing problem with an aging population and consistent healing of repairs remains a problem. While improvements in repair constructs have improved repair rates, researchers are looking for biological tools to augment repairs, especially in at risk populations. PRP has not been shown to improve healing rates or patient-reported outcomes in large level one studies and meta-analyses, but their role as an adjuvant could still provide a benefit in small to medium tears and higher-risk patients. The high-risk patient should be a focus of future studies. Biologic patches and augments are helpful in large and massive rotator cuff repairs. Xenografts, in general, are inferior to allografts due to the inflammatory response they elicit. Allografts provide mechanical reinforcement that leads to lower re-tear rates and better functional outcomes. Synthetic grafts have demonstrated to have superior biomechanical properties but are unable to provide the same biologic scaffold that allograft tissue provides. Combination of synthetic or allograft patches combined with cytokines or growth factors may provide the best environment for rotator cuff repairs. Mesenchymal stem cells have been shown to improve healing rates but not functional outcomes, though high-level human trials are lacking. Chemical messengers, despite their promise in animal models, lack human studies to support their use at this time, but should remain a focus of future research.
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